C
ardiac hypertrophy is a common adaptive response of the heart to injury and hemodynamic stress (1, 2) . Hypertrophic remodeling can be concentric (characterized addition of sarcomeres in parallel and lateral growth of individual myocytes) or eccentric (characterized by addition of sarcomeres in series and longitudinal cell growth) (3) . At the cellular level, hypertrophy is characterized by increased cell size/protein content and reactivation of fetal genes (e.g., ANF, BNP) (2, 4) . Although initially compensatory, hypertrophy can eventually lead to decompensation characterized by heart failure, arrhythmias, and death (1, 2, 5) . Although a number of therapies are now available, cardiac hypertrophy and its attendant consequences remain a source of considerable morbidity and mortality (3, 6) . Thus, identification of novel molecular mechanisms underlying the development of cardiac hypertrophy is of considerable scientific and therapeutic interest (3, 4, 6) .
Over the past two decades, there has been significant progress in our understanding of the molecular mechanisms that mediate cardiac hypertrophy. These studies have established that the hypertrophic response occurs through the activation of multiple cytosolic signaling pathways and nuclear factors (1, 2, 7) . With respect to the latter, factors such as myocyte enhancer factor-2 (MEF2), GATA4, and nuclear factor of activated T cells (NFATs) have been implicated as key mediators of the hypertrophic transcriptional program (8) (9) (10) (11) (12) (13) (14) (15) . Prohypertrophic stimuli activate a series of intracellular signal transduction pathways that result in the induction of MEF2 and GATA4 DNA-binding activity and nuclear accumulation of NFATs. In vitro studies have demonstrated that overexpression of either MEF2 factors or GATA4 induces cardiomyocyte hypertrophy (10, 16) . Cardiac-specific transgenic overexpression of either MEF2 (16, 17) or constitutively active calcineurin-A (18) cause cardiomyopathies characterized by increased cardiac mass, chamber dilation, and left-ventricular systolic dysfunction. High levels of GATA4 overexpression in the heart also result in a severe cardiomyopathy and premature death, and modest overexpression results in cardiac hypertrophy (10) . Multiple lines of evidence indicate that these transcriptional pathways cooperate in the development of cardiac dysfunction (16) . Despite the increasing body of knowledge describing the biology of transcriptional activators of cardiac hypertrophy, there is much less information regarding transcriptional repressors of hypertrophy (6) .
Kruppel-like factors (KLFs) are a subclass of the zinc-finger family of transcriptional regulators (19, 20) homologous to the Drosophila gap gene Kruppel (21), a critical regulator of fly body patterning via its function as a transcriptional repressor (22) . Previous studies from our group and others indicate that KLFs are also key regulators of gene expression, growth, and differentiation in a broad range of mammalian cell types (19, 20) . A role for this family in cardiac fibroblast biology was highlighted by elegant studies involving the Kruppel-like factor 5 (KLF5), a factor expressed in cardiac fibroblasts (and not in cardiomyocytes) whose deficiency blunted cardiac hypertrophy and fibrosis in response to angiotensin II (23) . Recently, we and others have identified a novel member of this family termed KLF15 that is expressed in cardiomyocytes (24, 25) . Here, we provide evidence that KLF15 plays a critical role as a negative regulator of cardiac hypertrophy.
sion during embryonic development (data not shown). Therefore, we next assessed whether KLF15 expression was induced postnatally (1, 28, 29) and found that KLF15 mRNA is barely detectable in the 3-day postnatal rat heart but induced to near adult levels by 30 days (SI Fig. 6A ) in an antiparallel expression pattern to that of ANF and BNP. In addition, in situ hybridization revealed strong KLF15 mRNA expression in cardiomyocytes of adult rat hearts (SI Fig. 6B ).
It is known that hypertrophic stimulation can reduce expression of certain postnatal genes with reinduction of fetal genes (2, 4, 28, 30, 31) . To determine the effect of cardiac hypertrophy on KLF15 expression in the heart, transaortic constriction (TAC) studies were performed in adult rats. KLF15 expression is slightly reduced by 2 days and more significantly by 7 days after TAC, whereas ANF/BNP are induced at these same time points (Fig. 1C) . Furthermore, treatment of NRVM with prohypertrophic stimuli such as phenylephrine (PE) and endothelin-1 also reduce KLF15 expression while inducing ANF/BNP expression (Fig. 1D) .
To explore the significance of KLF15 in human disease, we assessed KLF15 protein expression in the myocardium of patients with left ventricular hypertrophy (LVH) induced by chronic valvular aortic stenosis (AS; n ϭ 8) or control subjects undergoing coronary artery bypass graft (CABG) surgery but without LVH (control; n ϭ 6) (32). KLF15 protein signal is detectable in the nuclei of myocytes from control CABG patients and is reduced in AS patients (Fig. 1E ). Normalized KLF15 immunoreactivity was reduced Ϸ50% in the specimens obtained from patients with chronic AS vs. control CABG (Fig. 1E) . Taken together, these data suggest that KLF15 is expressed in both rodent and human cardiomyocytes and that its expression is reduced by multiple prohypertrophic stimuli.
Effect of KLF15 Overexpression on Cardiomyocyte Gene Expression
and Morphology. The regulation of KLF15 expression by hypertrophic stimuli suggested that it may play a regulatory role in this process. Adenoviral overexpression of KLF15 (but not KLF2) in NRVM strongly reduced ANF and BNP message ( Fig. 2A and SI  Fig. 7) . Consistent with this effect, KLF15 also strongly inhibited basal and PE-induced ANF and BNP promoter activity in NRVM (Fig. 2B ). As shown in Fig. 2C (A) KLF15 mRNA expression in the heart. Lung (lu), liver (liv), kidney (Kid), and heart (Hrt) total RNA was probed with indicated cDNAs. (B) KLF15 is induced with serum starvation. NRVMs were cultured under growth (G; 10% FBS) or quiescent conditions (Q; 0% FBS and 1% insulin, transferrin and selenium). (C) KLF15 expression is reduced after AAC. Northern analysis of total ventricular RNA from 4-week-old SD rats 2 days or 7 days after TAC vs. sham-operation (Zivic, Pittsburgh, PA) was performed with indicated probes. (D) KLF15 expression is reduced in vitro by PE and ET-1. NRVM cultured in serum-free medium (Q) were treated with PE for 3 or 6 h or ET-1 for 24 h. Total RNA was isolated, and Northern blot analysis was performed by using indicated probes. (E) KLF15 expression is reduced in patients with AS. IHC was performed as described in Materials and Methods. Dark brown staining (arrow) indicates nuclear KLF15 expression. ␣-actinin immunostaining) ( Fig. 2D ) (33) . Taken together, these data show that KLF15 overexpression in cardiomyocytes can inhibit hallmark features of hypertrophy in vitro.
Targeting of KLF15 by Homologous Recombination in Mice.
To assess the role of KLF15 in vivo, the KLF15 gene was targeted in mice by homologous recombination using the targeting strategy shown in SI Fig. 8A . Generation of targeted C57BL/6 ES cell clones (SI Fig. 8B ) and germline transmission of the targeted construct (SI Fig. 8C ) was verified. KLF15(Ϫ/Ϫ) mice were viable, fertile, and born in expected Mendelian ratios. Successful targeting was verified by Northern blot analysis using two distinct probes: an N-terminal probe homologous to the non-DNA binding domain of KLF15 and a probe homologous to the 3Ј UTR. Both probes revealed the appropriate size message in wild-type heart tissue, although no transcript of any size was detected in knockout heart tissue ( Fig. 3A  Left) . Consistent with this observation, myocardial ␤-galactosidase activity was detectable in the cardiomyocytes of KLF15(ϩ/Ϫ) mice but not wild-type mice (Fig. 3A Right) . KLF15(Ϫ/Ϫ) animals were backcrossed six generations onto a C57BL/6 background (Ϸ97% pure) and used for further studies.
Effect of KLF15 Deficiency on the Heart's Response to Pressure
Overload. Baseline transthoracic echocardiographic (TTE; n ϭ 12-16 animals per group) studies in 12-to 16-week-old KLF15(ϩ/ϩ) vs. (Ϫ/Ϫ) mice revealed that KLF15(Ϫ/Ϫ) hearts had increased cavity size and reduced LV fractional shortening ( Fig. 3B and SI Table 1 ). At baseline, there was a trend toward increased wall thickness in the KLF15(Ϫ/Ϫ) mice that did not reach statistical significance (SI Table 1 ). Animals were then subjected to ascending aortic constriction (AAC). In an initial study, we noticed that KLF15(Ϫ/Ϫ) mice were unable to tolerate AAC induced by ligation around a 27-guage needle. As such, we performed AAC in subsequent studies with milder constriction using a 25-guage needle. All sham-operated animals survived surgery and no significant differences in echocardiographic parameters or cardiac mass were noted between the two groups (SI Fig. 8E ). All (ϩ/ϩ) mice survived AAC and, as expected, exhibited minimal change in LV cavity dimension and only modest reduction in LV systolic function ( Fig.  3B and SI Table 1 ). In contrast, 13/21 (Ϫ/Ϫ) mice survived AAC with the majority of deaths occurring within 48 h postoperatively (SI Fig. 8D ). In contrast to the (ϩ/ϩ) hearts, (Ϫ/Ϫ) hearts exhibited marked LV cavity dilation and reduction in systolic function in response to AAC ( Fig. 3B and SI Table 1 ). Furthermore, by comparison to (ϩ/ϩ) hearts, KLF15(Ϫ/Ϫ) hearts did not augment wall thickness in response to AAC (SI Table 1 ). Sample echocardiographic images reflecting these observations are shown in Fig.  3C . Heart and body weight measurements taken one week after AAC confirmed increased cardiac mass in (Ϫ/Ϫ) mice (Fig. 3D) .
To understand the effect of KLF15 deficiency on cardiomyocytes, morphometric studies were undertaken on isolated myocytes. At baseline, no significant difference was observed between (ϩ/ϩ) and (Ϫ/Ϫ) myocyte area (data not shown). However, after AAC myocytes from the (Ϫ/Ϫ) animals had larger areas [4,000 Ϯ 84 versus 3,292 Ϯ 60 m 2 , P Ͻ 10 Ϫ10 ] and were longer [158 Ϯ 2 versus 128 Ϯ 2 m, P Ͻ 10 Ϫ20 ] than (ϩ/ϩ) myocytes (Fig. 4 ). There was a small but significant difference in cell width between the two groups [(Ϫ/Ϫ) ϭ 25 Ϯ 0.4 versus (ϩ/ϩ) ϭ 26.4 Ϯ 0.4 m, P Ͻ 0.007]. Normal distribution of morphometric parameters across the entire isolated myocyte population are shown in histograms (SI Fig.  9A ). Finally, to determine whether apoptosis contributed to the observed phenotype after AAC, TUNEL staining (SI Fig. 9B ), immunohistochemistry for cleaved caspase-3 (data not shown) and apoptotic gene expression (SI Fig. 9B ) were assessed and showed no significant differences between the genotypes (34). KLF15(Ϫ/Ϫ) mice following AAC was associated with effects on hypertrophic gene expression, Northern analyses were undertaken. As shown in Fig. 5A , (Ϫ/Ϫ) hearts demonstrated enhanced induction of ANF/BNP mRNA in response to AAC. It is well established that the expression of these two classic markers of hypertrophy are regulated by pro-hypertrophic factors such as MEF2 and GATA4. This is thought to occur via direct DNA-binding which is enhanced in the setting of pressure overload states. As shown in Fig. 5B , the expression of GATA4 and MEF2 are similar in (ϩ/ϩ) and (Ϫ/Ϫ) heart protein extracts. However, gene reporter experiments reveal that KLF15 potently inhibits MEF2A and GATA4-mediated transcriptional activation of the ANF and BNP promoters, respectively (Fig. 5C ). To further explore the basis for this repressive effect, nuclear extracts of NRVMs infected with either control (EV) or KLF15-adenovirus were subjected to gel-shift assays using consensus MEF and GATA4 binding sites. In EV infected cells, a strong singular DNA-protein complex containing MEF2 (Fig. 5D , upper gel shift) and GATA4 (Fig. 5D , lower gel shift) was observed and verified by competition and supershift studies. In contrast, MEF2 and GATA4 DNA-binding was markedly attenuated in nuclear extracts from KLF15 overexpressing myocytes. Conversely, by comparison to (ϩ/ϩ) hearts, we observed increased MEF2 and GATA4 binding in KLF15 (Ϫ/Ϫ) hearts after AAC (Fig. 5E) . A reproduction of the GATA4 gelshift from Fig. 5E Lower exposed for a longer period is shown to highlight the supershifted GATA4 complex (SI Fig. 10 ). Taken together, these data suggest that KLF15 deficiency leads to eccentric cardiac hypertrophy and LV systolic function in response to pressure overload, as well as enhanced activation of well characterized prohypertrophic transcriptional pathways.
Discussion
Despite significant progress in our understanding of the molecular mechanisms that promote cardiac hypertrophy, this disease process and its attendant consequences remain a leading cause of morbidity and mortality (6) . This study identifies KLF15 as a novel inhibitor of the heart's response to pressure overloadinduced hypertrophy. This conclusion is derived from several lines of evidence. First, in rodent models, KLF15 expression is reduced in response to pressure overload as well as prohypertrophic agonists (Fig. 1) . These rodent data are strongly supported by the observation that the KLF15 protein level is reduced in the myocardium of human subjects with chronic aortic stenosis. Furthermore, overexpression of KLF15 potently inhibits PE-mediated increases in protein synthesis, cell size, and hypertrophic gene expression (Fig. 2) . These in vitro overexpression data are complemented by studies in KLF15-deficient mice.
In response to pressure-overload, KLF15 null animals exhibit Nuclear extracts from NRVM overexpressing EV or KLF15 were used in binding with 32 P-labeled DNA probes derived from the Atr promoter (top EMSA for MEF2) or BNP promoter (bottom EMSA for GATA4). Cold competition was performed by using 100ϫ molar excess of unlabeled probe. Supershift studies were performed by preincubating reactions with ␣-MEF2 antibody (upper gel shift) or ␣-GATA4 antibody (lower gel shift). (E) KLF15 Ϫ/Ϫ hearts exhibit enhanced MEF2 and GATA4 DNA binding. Nuclear extracts were harvested from KLF15 ϩ/ϩ and Ϫ/Ϫ mice after sham surgery vs. AAC. EMSA for MEF2 and GATA4 were performed by using the same probes as used in D.
increased heart weight and LV size, reduced LV systolic function, exaggerated expression of fetal genes, and increased myocyte size, all cardinal features of pathologic hypertrophic remodeling. Moreover, the increased cavity size and heart mass, minimal augmentation of wall thickness, and longitudinal growth of individual myocytes seen in the KLF15(Ϫ/Ϫ) mice is a typical manifestation of eccentric cardiac hypertrophy as observed in other mouse models (35) . Mechanistically, our studies provide evidence that KLF15 can affect hypertrophic signaling, at least in part, through inhibition of the MEF2 and GATA4 transcriptional pathways (10, 36) . Members of the MEF2 family are well known to critically regulate heart development and recent studies strongly support a role for this pathway in the adult heart's response to stress. For example, transgenic overexpression of MEF2A or MEF2C leads to a dosedependent dilated cardiomyopathy that is dramatically worsened following pressure overload (16, 17) . Consistent with this role, overexpression of a dominant-negative MEF2 normalized ventricular dimensions and contractility in calcineurin transgenic mice (16) . We note that the KLF15(Ϫ/Ϫ) mice are exquisitely sensitive to pressure-overload as they cannot survive ''high afterload'' AAC. Significant similarities exist between the phenotype of the KLF15-null mice and that of enhanced MEF activity in the heart. Although KLF15 mice show mild ventricular dilatation and reduced LV function at baseline, this is dramatically enhanced by mild afterload augmentation. Furthermore, at the cellular level, both overexpression of MEF2 factors and KLF15 deficiency lead to elongated myocytes (17) . Interestingly, it is noteworthy that, although KLF15 deficiency does not affect MEF2 expression, it does lead to enhanced MEF2-DNA binding. This finding is consistent with the observation that MEF2-DNA (but not expression) is a primary downstream mechanism by which these factors carry out their prohypertrophic effects. Thus, on the basis of exaggerated MEF2 transcriptional activity it is not surprising that KLF15-null mice are exquisitely sensitive to even mild afterload augmentation.
Our data also indicate that KLF15 inhibits a second major transcriptional pathway: GATA4. This is an interesting observation because the importance of GATA and KLF family interactions has been previously appreciated in the context of erythropoiesis and ␤-globin gene synthesis (37, 38) . In the context of cardiomyocyte biology, GATA4 is a known to increase cell size, protein synthetic capacity, and prohypertrophic gene expression (e.g., induction of ANF and BNP) (10) . In addition, transgenic overexpression of GATA4 at high levels results in a severe cardiomyopathy and early death (10) . Even modest overexpression of GATA4 results in a cardiomyopathy characterized by increased heart weight and hypertrophic gene expression (10) . Similar to the observations related to MEF2, our studies show that overexpression of KLF15 inhibits GATA4 transcriptional activity and DNA-binding, whereas KLF15 deficiency results in enhanced GATA4 binding. Given that MEF2 and GATA4 factors can cooperate and serve as integrators for multiple hypertrophic signaling pathways, it is not surprising that heightened activity of these two factors leads to a marked decompensation in KLF15 null mice in response to stress. Indeed, we have observed a correlation between increased binding/activity of these prohypertrophic factors and the severity of the hypertrophic phenotype in KLF15 null mice. It is possible that, although the absence of KLF15 at baseline is permissive for binding of prohypertrophic factors to their target enhancer sequences, an additional stressful stimulus is required to achieve a level of factor binding/activity that will lead to a marked hypertrophic response. This may also explain why KLF15 null mice do not tolerate excessive afterload augmentation. In this setting, it can be anticipated that MEF2/GATA4 DNA-binding and net transcriptional activity may be dramatically enhanced, resulting in severe cardiac dilatation and reduction of contractility. Finally, the induction of KLF15 in the heart after birth constitutes an unusual expression pattern. Interestingly, this precise postnatal period is also characterized by a reduction in MEF2 (39) and GATA4 (J. D. Molkentin, University of Cincinnati, Cincinnati, OH, personal communication) DNA-binding activities. In light of our observations, it is interesting to speculate that KLF15 may serve as a ''brake'' to reduce unwanted MEF/GATA4 activity and target gene expression (e.g., ANF/BNP) during postnatal cardiomyocyte maturation.
There have been recent reports which describe the cardiac phenotype of mice with various levels of GATA-4 deficiency in vivo (40, 41) . These studies find that GATA-4 deficiency results in abnormalities of cardiac morphology and function with a significantly increased rate of cardiomyocyte apoptosis. The phenotypes described in these two reports are intriguing in light of our current studies of KLF-deficiency and an earlier report describing the phenotype of the ␣-MHC/GATA-4 transgenic mouse (10) . These seemingly contradictory phenotypes suggest that, although excessive GATA-4 activity may be deleterious, a precisely regulated level of GATA-4 activity is clearly important for myocyte homeostasis throughout the life of the organism. Improperly timed loss of GATA-4 function as well as excessive postnatal GATA-4 activity (as seen in our KLF15-null mice and in GATA4-transgenic mice) are both maladaptive. Thus, these studies collectively underscore the importance of timing and relative levels of expression of potent transcription factors during cardiac development, postnatal maturation and adulthood. Indeed, further studies using conditional gene targeting or inducible transgenesis will be necessary to dissect the precise roles of these critical transcription factors in the heart in vivo.
Although GATA-4 and MEF2 are central mediators of hypertrophic remodeling in the heart, the effects of KLF15 are certainly not limited to modulation of these two transcriptional pathways. KLF15 function may involve the regulation of other important transcriptional pathways and physiologic processes in the myocardium. We have previously reported that KLF15 regulates GLUT4 expression in adipose (24) and others have reported that KLF15 regulates mitochondrial acetyl-CoA synthase expression in skeletal muscle (42) and PEPCK expression in hepatocytes (43) . In our initial evaluation we did not observe any significant difference in GLUT4 mRNA between KLF15 (ϩ/ϩ) vs. (Ϫ/Ϫ) hearts (data not shown). However, we cannot exclude the possibility that KLF15 deficiency may affect myocardial metabolism and energetics through yet unidentified pathways that may contribute to the observed phenotype.
Our observations, along with the recent studies from the Nagai laboratory (23) , provide support for the KLFs as important regulators of cardiac biology. KLF5 is primarily expressed in cardiac fibroblasts (and not in cardiomyocytes), is induced by proliferative stimuli, and is an essential regulator of cardiac remodeling under stress. The current study provides the most cogent evidence to date implicating this family of factors in cardiomyocyte biology. Furthermore, our observations in rodents coupled with its altered expression in human disease states identify KLF15 as a potential target for therapeutic manipulation
Materials and Methods
Primary Cardiomyocyte Cultures. Preparation of primary cultures of NRVMs and neonatal rat ventricular fibroblasts has been described (44) . Quiescence was induced in NRVM by culturing for 24-48 h in serum-free DMEM supplemented with insulin, transferring, and selenium (1% ITS), after which pharmacologic stimulation was performed with 50 M phenylephrine or 100 nM endothelin-1.
Adenoviral Infection and Transient Transfection Studies. NRVM were infected 24 h after plating at 50 MOI for a period of 48 h (Ͼ90% infection efficiency). For transient transfections, NRVM or H9c2 cells were transfected by using FuGENE 6 (Roche Molecular Biochemicals) following manufacturer's protocol using luciferasebased reporters and assayed on a luminometer (see SI Text for further details).
